| INTRODUCTION
Cancer chemotherapeutic drugs are often administered using an estimation of body surface area (BSA) rather than body mass. This approach was originally adopted because BSA was believed to correlate with physiologic variables, such as blood volume and basal metabolic rate. 1, 2 Additionally, the maximum tolerated doses of chemotherapeutic drugs correlated between rodents and humans when doses were normalized to BSA. 1, 3 The first known formula used to estimate BSA was published in 1879, by replacing volume in the traditional surface area equation (SA = volume 2/3 ) with the weight of the subject. With this principle, the BSA of 6 adults and 10 children was measured to derive the BSA equa- kg-based formula yields 0.101 × body mass (kg) 2/3 ), and was developed in 1911 based on data from only 6 puppies. 6, 7 Many formulae exist for BSA both within and across species, with several limitations, and these studies and limitations have been reviewed. 8 For dogs, aside from the small sample size used to develop the equation, morphometric variables were not considered in its derivation. This is potentially important, given the marked breed-associated conformational differences in dogs as compared to many other species. Therefore, the use of a single shape factor (the K factor 10.1 or 0.101 in the formula above)
or the exclusion of variables meant to account for morphometric variability might not be appropriate for a given species. 8 This view is supported by BSA modeling in the guinea pig, rat, and cat wherein a nonconstant shape factor was found to improve BSA estimation. [9] [10] [11] Evidence in dogs suggests that addition of a morphometric variable (eg, length or height) might enhance the predictive utility of allometric-type BSA equations. 12 In human medicine, the Dubois equation is the most widely used for BSA estimation and includes patient height (0.20247 x height (m) 0.725 x weight (kg) 0.425 ). 13 In elephants, BSA is accurately estimated by single linear variables, independent of body weight. 14 [22] [23] [24] Despite these limitations, BSA-based dosing will continue to be the basis for most cytotoxic chemotherapy drugs, and an improved formula is needed for BSA estimation in the dog.
Computed tomography (CT) modeling has been used to formulate a K constant in rabbits. In that study, CT images from 12 pet rabbits were transferred to radiation therapy planning software and 1 mm slices were used to generate the surface contours to determine BSA, and nonlinear regression was then used in the current formula to generate a K constant of 9.9. 25 This was similar to another CT-based derivation of a BSA formula for ferrets which yielded a K constant of 9.94 with the help of 3D surface modeling using open-source imaging software to determine BSA. 26 These values are similar to the K constant of 10 used in cats and 10.1 used in dogs. 6, 7 A slightly different approach was used in 40 laboratory miniature pigs for which CT scans and high-speed 3D software yielded the equation
. 27 The authors used 5 mm slices, repeating each scan 5 times, and derived K constants for each of 4 different body mass exponents from other formulae. The final choice of equation was based on the smallest coefficient of variation. 27 Because the current BSA formula used in dogs does not account for morphometric variability, and with the knowledge that current radiation therapy planning software has the ability to determine dimensions of anatomic compartments, we used whole-body CT to record BSA. This was measured by skin surface contouring, and morphometric variables including body length as well as surrogate measures of height. Our study objectives were to derive the best-fit formula that was produced for estimation of BSA using these variables, and use measures of conformity to describe how well the resulting formula fit the data set. We hypothesized that inclusion of morphometric variables would result in improved estimation of BSA compared to traditional body mass-only models.
2 | METHODS
| Whole-body CT scans
A total of 48 whole-body CT scans were used for which all parts of the dog were included (tip of nose to tip of tail). Of these, 39 were retrieved retrospectively and 9 were generated prospectively. All dogs were scanned for clinical reasons, in the course of evaluating clinical signs as an available diagnostic test. Any dog that had a CT scan and a recorded body weight that included the entire surface area was eligible; the reason for the CT was irrelevant. Sex (when available) and weight were recorded. Scans were assessed for positioning such that skin-to-skin contact was minimized and could be contoured in any identified crevices or skin folds. After separately contouring small parts that were sometimes missing, such as tips of toes or tips of tails, it was determined (by R. Girens and K. Selting) that minor losses (not quantified for each case but expected to be a fraction of a percent based on the cases for which it was quantified) did not impact the overall result, and thus these omissions, though rare, did not preclude using those scans. Dogs whose scans were generated prospectively had length and height measurements performed when awake in addition to collecting all the same data as the scans retrieved retrospec- Epigenix n = 51) were evaluated but excluded because they were missing large portions of head or extremities.
| Body measurements
Dogs were categorized based on weight as follows: small <10 kg, medium 10-30 kg, and large 31-45 kg. No dogs were scanned that weighed more than 45 kg, as no dog was recruited for a whole-body scan to be used for this purpose during the study period or in the retrospective cases. Scans from dogs of any sex, breed, and age were used. Dogs assessed prospectively were evaluated by a nutritionist (M. Sprinkle) for body condition score, and subjective assessment based on CT findings (ie, amount of subcutaneous fat) was noted during contouring to ensure that no dog was excessively thin or fat. No scan was excluded because of body condition. Body condition was assessed because it could indirectly affect BSA via body mass and is an unknown variable. Not enough dogs were scored to include as covariate in the nonlinear regression, but body condition is mentioned descriptively as is the signalment.
Body measurements were obtained via CT scans. Dog length was found by measuring from the manubrium to the ischial tuberosity.
Dog height was estimated using intracranial dimensions. Briefly, intracranial distance was measured from the base of the foramen magnum to the ethmoid bone to estimate shoulder height. Estimated height at the shoulder was equal to 1.016 x D − 31.2, where D is the internal dimension of the cranial cavity. This has been evaluated in brachycephalic, mesocephalic, and dolichocephalic dogs with square correlation coefficient (R 2 ) of 0.72, 0.84, and 0.85, respectively. 28 Prospectively, animals were measured on the same day that whole-body CT scans were obtained. Dogs were measured from manubrium to the ischial tuberosity, with the measuring tape traveling around the shoulder and thigh. Dog height was measured at the highest part of the shoulder.
These measurements were compared to those derived from the same dogs on CT, and CT-derived measurements were used in regression analyses to be consistent with all other dogs in the data set. In addition, a separate group of dogs (n = 5) was measured using an external 1 m caliper (Machine DRO, Hertfordshire, United Kingdom; part number ME-CAL-LO-1000) from manubrium to ischium (Figure 1 ), and this length was compared to the corresponding length determined on CT.
| Body contouring
For the first 11 CT studies, images were transferred to XiO radiation treatment planning software (Release 2.6; Elekta, Stockholm, Sweden).
The dog was contoured using the all-slice contouring function and then edited in each 2-D plane. A 1 mm thick virtual bolus was applied around each 2-D image to obtain the perimeter length of each slice.
Images from the first dog were contoured both with 1 and 3 mm slices and resulting BSA were compared. Bolus lengths were then . The inner and outer wall areas were then averaged to obtain BSA.
| Determination of accuracy and precision
To assess the accuracy of using CT images with radiation therapy planning software to determine BSA, a geometric shape with a known surface area was scanned and contoured using the CT scanner at MU. To evaluate contouring precision, 1 dog (from Epigenix) was evaluated with serial whole-body CT scans by a single observer (R. Girens).
Of 4 available scans, 3 were of good quality and represented serial time points at which the dog's body weight was consistent; each was contoured to determine BSA. An additional step to ensure accurate information from CT imaging involved comparing body weight in kilograms (as recorded in the medical record and collected from weighing on a hospital scale) to the CT volume in cubic centimeters (which is expected to be equivalent to kilograms when converted to liters), as these 2 measures should be equal. 29 
| Interobserver variation
Contouring for all 48 dogs was performed by a single investigator (R. Girens) for consistency. In addition, to assess the possible influence of interobserver variation, 2 investigators (R. Girens and C. Maitz)
independently (blinded to each other's findings) evaluated a subset of 9 randomly selected CT studies using RayStation to determine BSA, FIGURE 1 Calipers used to measure body length in an awake dog 3 in each of the weight categories. Interobserver variability was quantified using Bland-Altman analysis combined with Pearson's linear and Spearman's rank correlation coefficients.
| Nonlinear regression
Data analysis was performed with Matlab (version 2016b) using custom written scripts and built-in functionality from the Statistics and Machine Learning Toolbox (version 11.0; Matlab is a product of MathWorks [www.mathworks.com, Natick, Massachusetts]). Least-squares nonlinear regression was performed using the fitnlm function based on the Levenberg-Marquardt algorithm. Approximate linearized 95% confidence intervals for variables were produced using the nlparci function. The model building and assessment process was based on previously published allometric-type structural models from the veterinary literature using a variety of assumptions on the structural model errors including constant errors, proportional errors, and weighting schemes. 8, 26 In addition, related models using various combinations of the available predictor variables (ie, body mass, height, and length, as well as various combinations and ratios of height and length) were also investigated. Parameter constraints and data transformation techniques were not utilized-all regressions were performed on untransformed data. 30, 31 Regression results were examined using visual inspection of predicted responses plotted together with measured values, residual plots, residual histograms, and normal probability plots of residuals. [32] [33] [34] [35] Additionally, Spearman's correlation coefficient for weighted studentized residuals against predicted values was used to aid detection of residual heteroscedasticity (unequal variability of BSA across the range of predictor variables). 35 Although extreme values were generally retained, these tools were similarly used to identify potential outliers in the data set for exclusion from the final analysis.
Regression diagnostics such as Cook's distances and leverage values were also utilized to aid identification of outliers. The optimal model was selected based on visual inspection of regression curves, the Akaike information criterion (AIC), mean squared errors, and r-squared values. [33] [34] [35] The AIC balances goodness of fit with simplicity of the model. In the case of nested models, these criteria were supplemented by conducting F tests to help determine whether the greater flexibility provided by more variables resulted in a statistically improved fit (significance was set at P < .05). 32 
| Goodness of fit
We chose 4 methods of model discrimination statistics: average relative deviation (ARD), mean standard error (MSE), AIC, and r 2 (derived from the r-value generated by regression models). The ARD is defined as (1/N) × SUM(abs[predicted-measured]/measured).
3 | RESULTS
| Subjects
Dogs assessed prospectively were of adequate body condition (assessed by 1 investigator, MS, and all were at least 3 out of 9); based on CT findings of all dogs, none was noted to be excessively thin or fat. From available data of the 48 dogs assessed, the age range was 4 months to 15 years (median 9 years), and the body weight ranged from 3.6 to 
| Accuracy and precision
The 50 cm cube has a surface area of 15 000 cm 2 and CT images contoured using Raystation yielded 14 992 cm 2 , a difference of 0.05%. In addition, the volume of this cube is 125 000 cm 3 and the volume on , respectively. These were 0%-5% different from the corresponding calculated BSA, and the first 2 values which were almost identical had BSAs that were 4% different from each other. There was no significant difference in BSA for the 11 studies contoured by both planning systems when comparing XiO to Raystation results (P = .31 by student's t test). 
| Interobserver variation

| Derivation of a best-fit equation for BSA
Computed tomography-derived BSA data as a function of body mass are given in Figure 3 for the 48 subjects included in the study (circles).
Diagnostic plots of subject length and height versus BSA are given in Figure 4A and B, respectively. Because a large number of candidate structural models were investigated, here we present only the overall best-fit model but also include the best-fit body mass-only allometric model for comparison. In both cases, a single observation (Figure 3 , dark circle) was found to be an outlier and was excluded from the final analyses. These structural models, their variables with linearized 95% confidence intervals, and their regression statistics are given in Table 1 . Because these models are nested, an F test was performed and gave P < .001 indicating rejection of the null hypothesis that the reduced (ie, body mass-only) structural model was superior. For both structural models, a proportional error model was found to be superior to other error models in terms of correcting residual heteroscedasticity.
Weighted raw residuals are plotted against predicted values in Figure 5 illustrating a lack of evidence for heteroscedasticity with this error model choice. Finally, for the best-fit body-mass only model, Figure 6 shows the raw data as a function of body mass together with the final regres- There are limitations to consider with these data. The weight divisions were arbitrary, and it is relevant to note that increasing weight was associated with increased BSA variability. An additional limitation is that all measurements were performed once, as opposed to using multiple observers and calculating an average result. Although this provided consistency in those measurements, it is also possible that variation among observers could yield different findings. This was addressed in a small subset of dogs (n = 9) in our study, and no clinically relevant difference was found. It is worth noting that even this smaller subset of dogs constitutes more dogs than were used to generate the original Final equation for calculating body surface area, derived from computed tomography data BSA formula that is in widespread use today. Length was determined using CT which would not be reasonable to perform on every dog receiving chemotherapy for the purpose of drug dosing. To address this, we found that the use of an external caliper provided readily obtainable measurements that accurately reflected those used in the regression modeling. Additionally, though weight can fluctuate throughout a course of chemotherapy over time, the body length should not change and repeat measurement of length should not be needed for each dose. Table 2 shows selected dogs' length and weight by breed to illustrate anticipated differences between the proposed (new) and current (old) formula. Limitations of data acquisition also include the possible effect of variable body positions on measured data. For example, body length could be affected by the degree to which a dog is stretched or contracted when positioned. Also, skin folds and crevices can be difficult to contour. The 1 dog for which serial scans were available had a difference of 4% between 2 scans of essentially the same weight. Observer variation (for editing contours) and positioning are 2 possible explanations for this observation. Subjective visual inspection of scans found similar positioning, but subtle differences could have contributed to the difference.
There are also limitations to consider regarding the derivation of the equation. Although aided by various diagnostics, selection of a superior structural model in nonlinear regression is associated with an inescapable subjectivity. For example, the F test for comparing nested nonlinear models is only approximate and is dependent on the degree of intrinsic nonlinearity in the model. 35 This limitation was addressed by using many different indicators of fit quality. Another limitation is that linearized confidence intervals in nonlinear regression are by definition approximations. The acceptability of such approximations is dependent upon the degree of nonlinearity as quantified by intrinsic and parameter effects curvatures. 33 However, though linearized predictions are necessarily approximations, the nonlinearity of allometric type models is not anticipated to be of large magnitude. Regarding regression, it is important to remember that it does not constitute a method for proving the correctness of a model beyond relative comparisons to the performance of other models for a given data set.
Past investigations demonstrated inconsistent correlation between dose and toxicity based on body size, with small dogs experiencing more toxicity and leaving a concern that larger dogs might be underdosed. In our data set, variability in BSA correlation increased with weight. This could be associated with more discrepant shapes of larger dogs (ie, the difference between a Basset Hound and a Golden Retriever of the same weight is more variable than the difference between a Pomeranian and a Shih Tzu of the same weight). Future studies should attempt to quantify this variability, consider the contribution of breed, and include dogs greater than 45 kg. The data set presented here was not sufficiently large to include breed as a covariate, and dogs greater than 45 kg were not presented within the study period nor identified retrospectively.
Quantification of BSA variance would be aided by obtaining replicated data at evenly distributed body masses as this would aid the robustness of the nonlinear regression methods. For the CT-derived data presented here, we achieved good correction of the heteroscedasticity using a proportional weighting scheme.
All these information assumes that BSA is an accurate method of 
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